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INFORMATION RECORDING MEDIUM AND INFORMATION RECORDING 
DEVICE 
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One way to increase the recording density of an 
optical disk is to employ a blue laser having a short 
wavelength (410 nm), as mentioned in Japanese Patent 
Laid-open No. 127174/1996. Another way to increase the 
recording density of an optical recording medium is to use 
an optical recording film of sulfide, oxide, or carbonyl of 
such metal as copper, platinum, gold, lead, chromium, 
molybdenum, and iron, which is capable of super - resolution, 
as mentioned in Japanese Patent Laid-open No. 267078/1994. 
The information recording layer of an optical disk may be 
formed from a material which changes from the crystalline 
phase into the amorphous phase, and vice versa, as mentioned 
in Japanese Patent Laid-open No. 198709/1997. 
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There is a continuing demand for an information 
recording medium capable of high density recording. A 
recording density as high as 1 Tbit/inch 2 is required. One 
way to achieve this object is to employ a laser beam with 
a short wavelength which gives a spot having a small 
diameter. Increasing the recording density in this way is 
difficult because the reduction of laser wavelength is 



limited. A substantial increase in recording density is not 
expected from the recording system by super - resolution 
because it is only possible to reduce the laser beam diameter 
by half. 

The present invention relates to an information 
recording medium and an information recording device. More 
particularly, the present invention relates to an 
information recording medium and an information recording 
device capable of high density recording. 

It is another object of the present invention to 
provide an information recording medium and an information 
recording device capable of high density recording, 
accurate reproduction, and repeated recording and 
reproduction . 

According to the present invention, the information 
recording medium has a recording film in which crystal 
grains are separated by an intergranular phase which is at 
the boundary between crystal grains. The advantage of this 
constitution is that the crystal grains undergo phase 
transformation in a range smaller than the beam diameter in 
the vicinity of the beam center and the intergranular phase 
prevents other crystal grains from being affected. The 
phase change in this manner accurately forms recording pits 
whose length is smaller than the laser beam diameter. Thus 



the information recording medium has a very high recording 
density. 

According to the present invention, the crystal 
grains contain an oxide of Co, V, Mn, Fe, or Cu, and the 
intergranular phase contains an oxide of Si, Ti, Zn, Pb, or 
Bi, so that crystal grains undergo phase transformation upon 
irradiation with a laser beam and the intergranular phase 
prevents crystal grains from being affected. The crystal 
grains should preferably be those which undergo phase 
transformation between Co 3 0 4 and CoO, Vo 3 O s and V 2 0 3 , Mn 2 0 3 and 
Mn 3 0 4 , Fe 2 0 3 and Fe 3 0 4 , or CuO and Cu 2 0 . The crystal grains 
should preferably be uniform in particle diameter. Si0 2 
existing in the grain boundary prevents the crystal grains 
from affecting other crystal grains, thereby contributing 
to high density recording. 

The present invention is also directed to an 
information recording device which is made up of a recording 
film and an optical head, said recording film being composed 
of crystal grains and an intergranular phase existing at the 
grain boundary, said optical head being so designed as to 
supply the recording film with a near- field light whose 
diameter is made smaller than the wavelength of the laser 
beam. The fact that the optical head emits a laser beam of 
small diameter toward the recording film causes the phase 
transformation of crystal grains to take place in a small 



region, thereby permitting shorter recording pits to be made 
accurately. In addition, the fact that the intergranular 
phase prevents crystal grains from affecting other crystal 
grains permits the high density recording and accurate 
reproduction of information. 
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Fig. 1 is a photograph of the surface of Co-Si oxide 
thin film 1. 

Fig. 2 is a schematic diagram of the Co-Si oxide thin 
film 1 shown in Fig. 1. 

Fig. 3 is a diagram showing the relation between the 
mark length of recording pits and the output of 
reproduction. 

Fig. 4 is a diagraph showing the distribution of laser 
beam intensity and the range of phase transformation. 

Fig. 5 is a sectional view of the optical disk 34. 

Fig. 6 is a flowchart showing information recording 
and reproduction. 

Fig. 7 is a diagram showing the pulse waveform of laser 
output . 

Fig. 8 is a schematic diagram showing the recording 
film 7 of the optical disk 34. 

Fig. 9 is a perspective view showing the information 
recording and reproducing device provided with the optical 
disk 34 . 



Fig. 10 is a sectional view of the optical disk 36. 

Fig. 11 is a perspective view showing the information 
recording and reproducing device, with the optical disk 36 
mounted . 

Fig. 12 is a diagram showing the relation between the 
mark length of recording pits and the output of reproduction 
which is observed when the optical head 35 emitting 
near-field light is used. 

Fig. 13 is another example of the optical head 
emitting near-field light. 

Fig. 14 is a diagraph showing the relation between the 
mark length of recording pits and the output of reproduction 
which is observed when the optical head 37 is used. 

Fig. 15 is another example of the optical head 
emitting near-field light. 

Fig. 16 is another example of the optical head emitting 
near-field light. 

Fig. 17 is a diagram showing the optical head 38. 

Fig. 18 is a diagraph showing the relation between the 
mark length of recording pits and the output of reproduction 
which is observed when the optical head 37 is used. 

Fig. 19 is a diagram showing the relation between the 
heating temperature of the substrate and the average 
particle diameter. 



Fig. 20 is a diagram showing the relation between the 
average particle diameter and the mark length which gives 
an output higher than 4 0 dB . 

Fig. 21 is a diagraph showing the distribution of laser 
beam intensity and the range of phase transformation. 

Fig. 22 is a schematic diagram showing a thin film of 
Co-Si oxide in which the intergranular phase 3 is less liable 
to precipitation. 
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The present inventors found that a thin film of Co -Si 
oxide is suitable for high density recording which has never 
been attained by conventional recording film. A mention is 
made below of the thin film of Co- Si oxide produced by the 
present inventors. An example of the thin film of Co-Si 
oxide produced by the present inventors is shown in Fig. 1 
(which is a photograph of the film surface) . 

Fig. 2 is a schematic diagram of the Co-Si oxide thin 
film 1 shown in Fig. 1. The Co-Si oxide thin film 1 is formed 
on a glass substrate (not shown) by sputtering from a 
sintered target which is a 1:9 mixture of Si0 2 and CoO. 

The Co-Si oxide thin film immediately after its 
formation was examined by X-ray diffraction (XRD) and 
transmission electron microscopy (TEM) . It was found that 
the thin film consists of columnar crystals 2 of cobalt oxide 
which have densely grown in the direction perpendicular to 



the plane of the glass substrate and the columnar crystals 
2 are all composed of Co 3 0 4 and are separated from one another 
by Si0 2 which has precipitated in the grain boundary. in 
the present invention, the crystals which have precipitated 
in the grain boundary between the columnar crystals 2 are 
referred to as the intergranular phase 3. 

It was found that the columnar crystals 2 have an 
average particle diameter of about 10 nm, with the standard 
deviation (a) being about 1 . 5 nm which indicates the 
variance of particle diameters. (The particle diameter of 
the columnar crystal 2 was obtained by measuring the area 
of each columnar crystal 2 in the film surface and then 
calculating the diameter of a circle having the thus 
measured area.) In other words, the columnar crystals are 
uniform in particle diameter. The columnar crystals 2 in 
the film surface are mostly hexagonal and partly pentagonal, 
heptagonal, or octagonal. The intergranular phase 3 
observed in the film surface is about 1 nm wide. 

The Co- Si oxide thin film 1 was irradiated with a laser 
beam to examine the transformation of the columnar crystals 
2 and intergranular phase 3 in the following manner. 

A 20-mW laser beam was applied to the Co-Si oxide thin 
film (composed of columnar crystals 2 of Co 3 0 4 ) immediately 
after its formation. The part irradiated with the laser beam 
was examined by TEM and electron diffraction. It was found 



that the columnar crystals 2 underwent phase transformation 
from CO3O4 into CoO. The columnar crystals 2 not irradiated 
with the laser beam remained to have the phase of Co 3 0 4 . A 
probable reason for this transformation is that Co 3 0 4 is 
stable at low temperatures and CoO is stable at high 
temperatures thermodynamically and hence Co 3 0 4 precipitates 
immediately after the film has been formed, but Co 3 0 4 
undergoes phase transformation into CoO as it is irradiated 
with a laser beam (hence locally heated to 900 *C or above) 
and then cooled rapidly as laser irradiation is suspended. 
The columnar crystals 2 which had undergone phase 
transformation into CoO did not change any longer even 
though it was further irradiated with a 20 -mW laser beam. 

The columnar crystals 2 of Co 3 0 4 remained unchanged 
when irradiated with a 6-mW laser beam, whereas the columnar 
crystals of CoO underwent phase transformation into Co 3 0 4 
when irradiated with a 6-mW laser beam. The both columnar 
crystals of Co 3 0 4 and CoO remained unchanged in crystal phase 
when irradiated with a 2-mW laser beam. The intergranular 
phase 3 remained unchanged when irradiated with a laser 
beam. It was found as mentioned above that the columnar 
crystals 2 undergo phase transformation through oxidation 
and reduction depending on the intensity of the laser beam 
applied to them. 



It was found that upon irradiation with a laser beam, 
the Co-Si oxide thin film 1 gives rise to recording pits with 
a diameter smaller than that of the laser beam applied. This 
is explained in the following. 

The Co-Si oxide thin film 1 was irradiated with an 
excimer laser having a wavelength of 190 nm. The laser beam 
was passed through a calcium fluoride lens (having an NA of 
0.6) so that the beam diameter was narrowed down to 2 65 nm. 
In the initial state, the columnar crystals 2 were composed 
entirely of Co 3 0 4 . A 20 -mW laser beam was applied to bring 
about phase transformation from Co 3 0 4 into CoO. A 2-mW laser 
beam was applied to read out information or to confirm the 
phase transformation from Co 3 0 4 into CoO by measuring the 
reflectivity . 

The Co-Si oxide thin film 1 in the initial state was 
irradiated with a 20-mW laser beam so that recording pits 
were formed therein. Recording pits vary in mark length. 
Fig. 3 shows the relation between the mark length of 
recording pits and the reproducing output. This relation 
was obtained from the C/N ratio which varies depending on 
the mark length during data reading. It is to be noted from 
Fig. 3 that the reproducing output is as high as 40 dB for 
the mark length of 0.19 Mm (190 nm) . This indicates that 
the applied laser beam, which has a beam diameter of 265 nm, 
can read and write marks 190 nm long. 



According to the present invention, recording pits 
formed in the Co-Si oxide thin film 1 can be written and read 
even though their mark length is smaller than the diameter 
of the laser beam applied. The reason for this is explained 
in the following. A laser beam has an intensity which varies 
in space according to the Gaussian distribution, as shown 
in Fig. 4. Consequently, the intensity is high in the range 
d' (which is close to the beam center and is smaller than 
the beam diameter d) , and the intensity decreases beyond the 
range d' . Upon irradiation with a laser beam like this, the 
Co- Si oxide thin film 1 increases in temperature up to 900 *C 
(undergoing phase transformation) in the range d' but 
remains unchanged outside the range d' (without phase 
transformation) . In addition, the Co- Si oxide thin film 1 
has the columnar crystals 2 separated by the intergranular 
phase 3 of Si0 2 which has a lower thermal conductivity than 
the columnar crystals 2. Therefore, heat transfer from one 
columnar crystal 2 to another is prevented. Moreover, the 
columnar crystals 2 are separated from one another by the 
intergranular phase 3, so that the crystalline structure of 
one columnar crystal 2 does not affect that of the adjacent 
columnar crystal 2. 

Consequently, one columnar crystal 2 which has 
received energy directly from the laser beam undergoes phase 
transformation but other columnar crystals remain 



unchanged. Even though one columnar crystal 2 is over- 
heated by the laser beam, it does not affect its adjacent 
columnar crystals 2, so that it is possible to accurately 
form recording pits whose mark length is smaller than the 
diameter of the laser beam applied. 

Even in the case where a laser beam having a large beam 
diameter is used, the resulting recording pits have a mark 
length smaller than the beam diameter. For example, suppose 
a case as shown in Fig. 20. That is, there exist a plurality 
of columnar crystals 2 within the range d' of the laser beam 
which has an intensity strong enough to bring about phase 
transformation in the Co-Si oxide thin film 1. In this case, 
phase transformation takes place within the range d' but 
does not take place outside the range d' . Heat transfer from 
the columnar crystals 2 within the range d' to the columnar 
crystals 2 outside the range d' is prevented by the 
intergranular phase 3. In addition, the crystalline 
structure of the columnar crystals 2 within the range d' does 
not affect the crystalline structure of the columnar 
crystals 2 outside the range d' . The Co-Si oxide thin film 
1 shown in Fig. 1 was actually irradiated with a laser beam 
having a beam diameter of 265 nm so as to form recording pits 
having a mark length of 190 nm. The recording pits and their 
periphery were observed by TEM. It was found that each 
recording pit is constructed of about 350 columnar crystals 



2. In this way it was possible to form accurately recording 
pits whose mark length is smaller than the diameter of the 
laser beam applied. In this case each recoding pit is 
constructed of a plurality of columnar crystals 2, and 
consequently the recording pit can be accurately read or 
written even though the recording pit contains a few 
particles which have not undergone phase transformation. 

As mentioned above, the present inventors found the 
following . 

(1) When the Co-Si oxide thin film 1 is irradiated with a 
laser beam, the columnar crystals 2 undergo phase 
transformation between Co 3 0 4 and CoO . 

(2) The phase transformation of the columnar crystals 2 can 
be controlled by adjusting the output of the laser beam 
applied . 

(3) The intergranular phase 3 present at the boundary of 
the columnar crystals 2 makes it possible to write and read 
recording pits which are smaller than the beam diameter of 
the laser beam applied. In view of the fact that crystals 
change in volume, refractive index, permittivity, and 
magneto-optical properties upon phase transformation, the 
present inventors conceived an idea that the Co-Si oxide 
thin film 1 is suitable for use as a recording film. This 
idea has led to the present invention in which the Co-Si 
oxide thin film 1 is used as a recording film for the 



information recording medium, which is capable of high 
density recording and is also capable of repeated recording 
and reproduction. 

The foregoing is about a case in which the 
intergranular phase 3 surrounds the columnar crystal 2 . 
There exists another case in which the intergranular phase 
3 does not surround the columnar crystal 2 completely. In 
this case, too, the Co-Si oxide thin film 1 can be used as 
a recording film. In the case where the intergranular phase 
3 precipitates partly between adjacent columnar crystals 2 
as shown in Fig. 21, the effect of the intergranular phase 
3 (such as interruption of heat transfer and interruption 
of influence on adjacent crystals) is weaker than that in 
the case where the intergranular phase 2 surrounds the 
columnar crystal 2 completely. However, such Co- Si oxide 
thin film 1 can also be used as a recording film because it 
is possible to form recording pits by utilizing the phase 
transformation of columnar crystals 2 . In this case the mark 
length of recording pits is longer and the interval between 
adjacent recording pits is longer and the recording density 
is lower than in the case where the intergranular phase 3 
surrounds the columnar crystal 2 completely. 

In the case where the intergranular phase 3 does not 
exist in the grain boundary of the columnar crystals 2 (as 
in the case where Co 3 Q 4 accounts for 95-100% of the 



composition, without Si in the second phase) , very little 
effect of preventing heat transfer between columnar 
crystals 2 is produced and very little effect of preventing 
influence of crystal structure is produced. Nevertheless, 
it is still possible to form recording pits by utilizing the 
phase transformation of the columnar crystals 2 . Therefore, 
such Co-Si oxide thin film can also be used as a recording 
film. In this case, however, the mark length of the 
recording pits is longer and the interval between adjacent 
recording pits is longer and the recording density is lower. 

The more the columnar crystal 2 is surrounded by the 
intergranular phase 3, the greater the effect of 
interrupting heat transfer between the columnar crystals 2 
and the effect of interrupting the influence of crystalline 
structure. This leads to a higher recording density. 
Moreover, the thicker the intergranular phase 3 surrounding 
the columnar crystal 2, the more the effect of interrupting 
heat transfer between the columnar crystals 2. This leads 
to a higher recording density. 

It is possible to change the amount or thickness of 
the intergranular phase 3 which precipitates in the grain 
boundary of the columnar crystals 2 by adjusting the amount 
of the Co- containing raw material and the film forming 
temperature in the process of preparing the Co- Si oxide thin 
film. 



The Co- Si oxide thin film 1 varies in the number of 
oxygen to combine with Co and hence the columnar crystals 
2 undergo phase transformation upon irradiation with a laser 
beam. The same phase transformation through oxidation and 
reduction takes place in the oxide film in which Co is 
replaced by V, Mn, Fe, or Cu . The Si oxide in the 
intergranular phase may be replaced by any of Ti oxide, Zn 
oxide. Pb oxide, and Bi oxide, which produce as well the 
effect of interrupting heat transfer between the columnar 
crystals 2 and also preventing the influence of crystalline 
structure . 

A detailed description is given below about the 
information recording medium in which the Co- si oxide film 
1 is used as a recording film. 

Example 1 

This example demonstrates an optical disk 34 which is 
shown in section in Fig. 5. This optical disk is composed 
of two glass substrates 5 and two layers each of recording 
film 7 and reflecting film 6 which are held between the glass 
substrates 5. The glass substrate 5 is a synthetic quartz 
glass substrate, 120 mm in diameter and 0 . 6 mm thick. The 
glass substrate 5 has a protective film 8 (Sio 2 thin film 
50 nm thick) formed thereon. On the protective film 8 is 
formed a recording film 7, which is a Co-Si oxide thin film 



50 nm thick. The reflection film 6 is a thin film of Al-3%Ti, 
100 nm thick. It is formed on the recording film 7. These 
films are formed by sputtering. The two glass substrates 
5 each having the protective film 8. the recording film 7, 
and the reflection film 6 on one side thereof are bonded 
together with a resin 9 such that they face outward. 

The optical disk is irradiated with a laser beam 
emitted from the optical head 33 for information recording 
and reproduction. Fig. 6 shows a flowchart of information 
recording and reproduction. At the beginning, the optical 
disk 34 was initialized by irradiation with a continuous 
laser beam (with an output P E = 6 mW) so that the columnar 
crystals 2 in the recording film 7 were converted into Co 3 0 4 
completely . 

Then, for data writing, the optical disk 34 was 
irradiated with a laser beam having a pulse waveform as shown 
in Fig. 7. The laser output P w = 6 mW is for information 
recording. The laser beam with this output heats the 
columnar crystals 2 to 900 'C or above. The laser output P B 
= 0 . 5 mW is too small for phase transformation to take place . 
While the laser beam keeps this low output level, the 
columnar crystals 2 (which have been heated to 900 *C or above 
by the laser beam with an output of PJ cool down, with Co 3 o 4 
transforming into CoO. in this way, writing was carried out. 
The laser beam with an output of P B that follows the laser 



beam with an output of P w permits efficient writing. The 
laser beam with an output of P w is preceded by the laser beam 
with an output of P E (= 6 mW) for erasure, so that previous 
information is erased and new information is recorded when 
additional data are recorded. 

The mark length of the recording pits is changed 
according to the number of repetitions of T as one cycle of 
P w to P E . A recording pit with the shortest mark length needs 
3T's; a recording pit with the longest mark length needs 
ll-14T's. It is also possible to change the mark length of 
the recording pit by adjusting the duration of laser output 
P w in one period T. 

The reproduction of recorded information or the 
reading of written data is accomplished by irradiating the 
optical disk with a continuous laser beam having an output 
of P R = 2.0 mW and measuring the variation in intensity of 
reflected light. 

Information recording and reproduction were 
performed on the optical disk 34 as mentioned above. The 
optical disk 34 permitted repeated recording and 
reproduction. It was capable of high-density recording and 
accurate recording and reproduction. 
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Example 2 

This example demonstrates the optical disk 34, which 
differs from the one in Example 1 in that the recording film 
7 has a track 4, as shown in Fig. 8. The track 4 was formed 
by performing photolithography and etching (about 20 nm 
deep) on the recording film 7. Since the recording film 7 
(which is a Co-Si oxide thin film) is composed of columnar 
crystals 2 which have grown in the direction perpendicular 
to the surface of the glass substrate, etching proceeds 
accurately in the direction in which the columnar crystals 
2 have grown. Therefore, it was possible to form the track 
4 accurately. 

Owing to the track 4 formed in the recording film 7, 
the optical disk 34 in this example can be used as an 
information recording medium which is built into a storage 
device or as a portable information recording medium which 
can be removed from a storage device. 

Fig. 9 shows an information recording and reproducing 
device provided with the optical disk 34 of this example. 
The optical disk 34 is inserted into the body 14 through the 
disk entrance 16. Then, the optical disk 34 is transferred 
to the spindle motor 13 by the drive unit 17. The spindle 
motor 13 turns the optical disk 34. The body 14 contains 
the optical head 33 and the actuator 12 to determine the 
position of the optical head 33. 



In Fig. 9, only one each of the optical head 33 and 
the actuator 12 are shown; however, two optical heads and 
two actuators may be mounted on both sides of the optical 
disk 34 so that recording and reproduction are performed on 
both sides. Moreover, a plurality of optical heads may be 
mounted so as to increase the writing and reading speeds. 

Incidentally, positioning signals were written and 
read out at the time of recording and reproduction so as to 
correct temperature and position. The optical disk 34 in 
this example was found to have a recording density of 20 
Gbit/inch 2 . 

The actuator 12 was operated so that the positioning 
accuracy is within 10% of the beam diameter. This greatly 
contributed to error reduction at the time of writing and 
reading. If the positioning accuracy exceeds 10% of the beam 
diameter, writing and reading errors occur frequently. 
Therefore, it is desirable that the accuracy of the actuator 
should be within 10% of the beam diameter with respect to 
the intended position. 

Example 3 

This example demonstrates the optical disk 36, which 
is shown in section in Fig. 10. The optical disk 36 is made 
up of a glass substrate 5 and the following four layers 
formed sequentially on each side thereof. Reflection film 



6, recording film 7, protective film 8. and lubricant film 
18. The glass substrate 5 is a synthetic quartz glass 
substrate, 120 mm in diameter and 1 . 2 mm thick. The 
reflection film 6 is a thin film of Al-3%Ti, 100-nm thick. 
The recording film 7 is a Co-Si oxide thin film. The 
protective film 8 is a thin film of Si0 2 , 50 nm thick. The 
lubricant film is about 10 nm thick. 

Fig. 11 shows an information recording and reproducing 
device provided with the optical disk 36. in the body 14 
of the device are mounted a spindle motor 13 to turn the 
optical disk 36, a actuator to determine the position of the 
optical head 35, and a VCM coil 19. The optical disk 36 is 
fixed to the spindle motor 13. The optical head 35 is 
embedded in a slider made of calcium titanate. The slider 
is attached to the forward end of the actuator 12. 

The device in this example is designed such that 
information is recorded in and reproduced from the optical 
disk 36 by using the optical head 35 which emits near-field 
light. Near- field light is produced by irradiating a 
semispherical lens with a laser beam so that the laser beam 
focuses on the circular cross section. The light leaking 
out from the focal plane is near- field light which has 
one -tenth the wavelength of the laser beam. 

The optical head 35 is equipped with a semispherical 
lens (Fig. 10). This semispherical lens is irradiated with 



a laser beam (with a wavelength of 410 nm) so as to give 
near- field light (125 nm<\>) . The optical head 35 was kept 
at a floating distance of 50 nm from the surface of the 
optical disk 36, so that the near-field light is applied to 
the optical disk 36 to make record in the recording film 7. 

Fig. 12 shows the relation between the mark length of 
the recording pit (which was formed by using the optical head 
35 to emit the near- field light) and the output of 
reproduction. It is to be noted that an output of 40 dB was 
obtained even when the mark length was only 0.083 Mm (= 83 
nm) . The recording pit was examined by TEM. It was found 
to be composed of about 60 columnar crystals 2. 

It follows therefore that if the optical head 35 to emit 
near- field light is used to write and read the optical disk 
36, it is possible to accomplish high-density recording and 
accurate reproduction . 

Fig. 13 shows another example of the optical head to 
emit near-field light. The optical head 37 is designed such 
that the cutting plane does not pass through the center of 
the sphere but it is moved downward a distance of r(l - 1/n) 
The optical head of this structure reduces the laser beam 
diameter to 52 nm. Fig. 14 shows the relation between the 
mark length of the recording pit (formed by using the optical 
head 37) and the output of reproduction. It is to be noted 
that an output of 40 dB was obtained even when the mark length 



was only 35 nm. The observation by TEM indicated that each 
recording pit is composed of about 9 particles. 

The semispherical lens shown in Fig. 10 and the super- 
semispherical lens shown in Fig. 13 are made of Ti0 2 single 
crystal, and their sliders are made of transparent glass. 
An optically polished single crystal of Ti0 2 (in spherical 
form) was embedded in Si0 2 - PbO-Na 2 0 glass having a 
coefficient of thermal expansion of 50 x 10 7 /*C. To seal 
the lens, glass cullet placed on the lens was heated and 
fused at about 800*C. After cooling at a rate of l-2*C/min, 
the slider surface was polished to give the semispherical 
lens and super— semispherical lens. 

Fig. 15 shows another example of the optical head to 
emit near-field light. This optical head is designed such 
that the laser source 22 emits a laser beam 21, which passes 
through the coupler 24 (aspherical lenses) and the probe 
fiber 25. The probe fiber 25 is connected to a near-field 
light probe 23, which is covered with protective films 30 
and 31. The tip 29 of the near- field probe 23 emits a small 
amount of probe light 32. 

Fig. 16 shows another example of the optical head to 
emit near-field light. This optical head 38 is of fiber 
type, with the near- field light lens is mounted on the 
slider. Fig. 17 shows the optical head 38. The slider 41 
is made of transparent glass . The convex probe tip 49 (shown 



n Fig. 15) is formed in the slider. The outer surface is 
covered with protective films 42 and 43. The laser beam 50 
entering the probe tip 49 emits a small amount of probe light 
from the tip 60 of the optical head 38. 

Fig. 18 shows the relation between the mark length of 
the recording pit (which was formed by using the optical head 
38) and the output of reproduction. It is to be noted that 
the minimum mark length of the recording pit to give an 
output of 40 dB is 40 nm. Observation by TEM revealed that 
each recording pit is composed of 15 particles on average. 

Example 4 

This example is intended to find the particle diameter 
of the columnar crystals 2 which is most suitable for the 
recording film 7. The particle diameter was adjusted by 
heating the substrate under varied conditions at the time 
of film formation. Fig. 19 shows the relation between the 
substrate heating temperature and the average particle 
diameter. It is to be noted that the average particle 
diameter increases (up to about 62 nm) as the heating 
temperature increases (up to 500 *C). 

The Co-Si oxide thin film 1 in the initial state was 
irradiated with a laser beam, so that recording pits varying 
in mark length were formed. Fig. 20 shows a relation between 
the average particle diameter and the mark length for output 



greater than 40 dB . The larger the average particle 
diameter, the larger the mark length for output greater than 
40 dB. In other words, as the average particle diameter 
increases, the recording film becomes less suitable for 
high-density recording. If a recording density of 20 
Gbit/inch 2 is to be obtained, it is necessary that the 
average particle diameter should be smaller than 50 nm. When 
the average particle diameter exceeds 50 nm, the recording 
film presents difficulties in writing and reading with a 
small pit diameter and high output. 

It is possible to reduce the average particle diameter 
if the film is formed over a long time with a low sputtering 
output. With this method, it is still very difficult to have 
an average particle diameter smaller than 5 nm (immediately 
after film formation) and it is difficult to form the film 
in a stable manner. 

It is concluded from the foregoing that if a recording 
film is to be capable of high density recording, the crystals 
in the recording film should have an average particle 
diameter larger than 5 nm and smaller than 50 nm. 

It is also possible to change the particle diameter 
and particle diameter distribution of crystal particles if 
the sputtering gas pressure is properly varied. Several 
samples of the Co- Si oxide thin film 1 were prepared which 
vary in particle diameter distribution, with the average 
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particle diameter kept almost constant at 30 nm. The samples 
were tested to see the relation between the standard 
deviation (cx) of particle diameters and the output at a mark 
length of 0.05 Urn. 

If the standard deviation (a) is 3 nm or smaller than 10% 
of the average particle diameter, it is possible to keep the 
output of reproduction at 35 dB . However, if the standard 
deviation (a) exceeds 10% of the average particle diameter, 
the output greatly decreases to about 10 dB . Therefore, it 
is desirable that the standard deviation (a) of particle 
diameters should be smaller than 10% of the average particle 
diameter . 

Example 5 

This example demonstrates several samples of 
recording film other than the Co-Si oxide thin film 1. The 
intergranular phase was formed from si0 2 , and the 
crystalline particles were formed from an oxide of Ti, v, 
Cr, Mn, Fe, Ni , or Cu . 

Ti oxide gave an amorphous film, which contained no 
columnar crystals immediately after film formation, other 
oxides gave an aggregate of columnar fine crystals as in the 
case of Co-Si oxide thin film 1. Oxides of V, Mn, Fe, and 
Cu gave a film which changed in crystalline phase after 
irradiation with a laser beam. Therefore, the film permits 
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information recording. By contrast, oxides of Cr and Ni gave 
a film which did not change in crystalline phase after 
irradiation with a laser beam (20 mW) . So, the film does 
not permit information recording. 

Samples of thin films were prepared, in which the 
crystalline phase is Co oxide and the intergranular phase 
is Ti0 2 , ZnO, Si0 2 -PbO glass, or Si0 2 -Bi 2 0 3 glass, in place 
of Si0 2 . All of them have the same micros tructure as that 
of the Co-Si oxide thin film 1 shown in Figs. 1 and 2. They 
permit reading at a high C/N ratio for mark lengths as small 
as 0.0 5 jUm. 

The foregoing suggests that the recording film should 
preferably be made of at least one member of Co, V, Mn, Fe, 
and Cu for the crystalline phase and at least one member of 
Si, Ti, Zn, Pb, and Bi for the intergranular phase. 

The film as an aggregate of hexagonal columnar 
crystals may have the alumite structure formed on the 
aluminum surface. The alumite structure is such that 
particles have a hole at the center and hence particles 
scatter the laser beam applied to them. By contrast, the 
oxide film in this example has structure such that particles 
are solid and particles do not scatter (or diffuse) the laser 
beam applied to them. Therefore, the oxide film is suitable 
for use as an information recording medium. 



Table 1 shows the oxide recording films investigated 
in this example. The phase before and after irradiation with 
a laser beam was examined by TEM and XRD . "Transition laser 
power" is the laser power required to bring about phase 
transition and to make recording. "Transition temperature" 
was calculated backward from the laser power which had bring 
about phase transition. 



Table 1 



Elemen 
t 


Immediately 
after film 
formation 


After 
irradiati 
on with 
laser beam 


Additi 
ve 


Transiti 
on laser 
power 


Transiti 
on 

temperat 
ure 


Co 


co 3 o 4 


CoO 


Si0 2 


2 0 mW 


900 *C 


V 


v 2 o s 


v 2 o 3 


Si0 2 


15 mW 


690'C 


Mn 


Mn 2 0 3 


Mn 3 0 4 


Si0 2 


21 mW 


940*C 


Fe 


Fe 2 0 3 (Y) 


Fe 2 o 3 (a) 


Si0 2 


13 mW 


600 # C 


Cu 


CuO 


Cu 2 0 


Si0 2 


2 5 mW 


1026 *C 



The oxide incorporated with Si0 2 as an additive gave 
films having the same structure as that of the Co-Si oxide 
thin film 1 shown in Figs. 1 and 2. Therefore, these oxide 
films are also suitable for use as a recording film. They 
are capable of repeated recording and reproduction. Thus 
it is possible to obtain an information recording medium for 
extremely high density recording. 

The information recording medium according to the 
present invention is characterized in that crystalline 
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particles undergo phase transition in a range smaller than 
the beam diameter (at the beam center) and the intergranular 
phase prevents crystalline particles from affecting 
adjacent crystalline particles. Therefore, it accurately 
forms recording pits whose mark length is smaller than the 
laser beam diameter and permits extremely high density 
recording . 

The information recording device according to the 
present invention is characterized in that the optical head 
emits a laser beam with a small beam diameter, so that the 
phase transformation of crystalline particles takes place 
in a small region, permitting recording pits with small mark 
length to be formed accurately. In addition, the 
intergranular phase prevents crystalline particles from 
affecting adjacent columnar crystals. This leads to high 
density recording and accurate reproduction. 



